INTRODUCTION {#s1}
============

Middle East respiratory syndrome coronavirus (MERS-CoV) first emerged in the Kingdom of Saudi Arabia in 2012 ([@B1]). To date, over 2,300 people have been infected by the virus, causing greater than 820 deaths and placing the case fatality ratio at approximately 35% (<http://www.who.int/>). MERS-CoV emerged from a zoonotic origin, with the original host thought to be bats and the current host reservoir being camels ([@B2][@B3][@B5]). The virus has yet to show sustained transmission between humans, but, with no currently approved antiviral therapeutics or vaccines, MERS-CoV is considered a "threat to global health" by the WHO. Identifying novel virus-host interactions is essential to guide future intervention strategies.

Coronaviruses have large (∼30-kb) positive-sense, single-stranded RNA genomes. Approximately two-thirds of this RNA is dedicated to the production of 16 nonstructural proteins which regulate replication of the viral genome. The remaining third encodes the structural and accessory proteins ([@B6]).The accessory proteins largely function to promote viral replication through modulating cellular responses to infection. One such protein, produced by MERS-CoV, is ORF4a. This accessory protein has been shown *in vitro* to bind double-stranded RNA and to disrupt the innate immune sensing pathways of RIG-I and MDA5 to suppress the interferon response ([@B7][@B8][@B9]). Additionally, ORF4a has been found to inhibit the PKR and stress granule response in cells ([@B10][@B11][@B12]), further interfering with cellular function to promote viral infection.

The yeast Saccharomyces cerevisiae have been used extensively throughout the history of eukaryotic cell biology, including its being the first eukaryotic genome to be fully sequenced ([@B13]). The genome is now highly annotated, due in part to experiments performed with the yeast knockout library collection ([@B14], [@B15]). The yeast knockout collection systematically knocked out each gene in S. cerevisiae with a known DNA cassette containing a unique "barcode" region. Therefore, by taking any yeast cell from within this library and PCR amplifying and sequencing the barcode region, it is possible to determine which gene has been deleted from that cell. The project managed to knock out ∼4,600 of the ∼6,000 yeast genes; deletion of the others resulted in an inability to produce viable yeast, and they were deemed essential for growth in glucose (Glu) media. Therefore, the yeast knockout collection represents a widely available, semi-genome-wide knockout library of yeast.

While extensively used to study eukaryotic cell biology, yeast species have also been used to look for factors involved in replication of RNA viruses ([@B16][@B17][@B22]). We and others have previously demonstrated that expression of certain proteins from viruses and bacteria in the yeast S. cerevisiae can inhibit growth ([@B23][@B24][@B30]). This growth phenotype can be leveraged to identify compounds with antiviral properties or functionally important residues of the viral proteins. In this study, we utilized the slow-growth phenotype to investigate novel genetic interactions between the viral protein and eukaryotic cells.

Through screening the MERS-CoV proteome, we identified various proteins that, when expressed in yeast, caused a slow-growth phenotype, including the protein encoded by the ORF4a accessory gene. Yeast lack an interferon response, and since ORF4a has largely been studied in experiments designed to disrupt these pathways, we hypothesized that ORF4a must have further functions in a eukaryotic cell that have yet to be analyzed. To investigate the cellular pathways that ORF4a interacts with in yeast, we took advantage of the yeast knockout library. We hypothesized that removal of genes involved in the ORF4a-mediated slow growth would cause a reversion of the slow-growth phenotype, allowing the identification of genetic suppressors. This screening approach identified the YDL042C/SIR2 yeast gene as a suppressor of ORF4a-mediated slow growth, and that gene became the focus of our study.

YDL042C/SIR2 is a sirtuin protein, first identified through its role in silencing the cryptic mating-type loci *HML* and *HMR* ([@B31]). Since that initial identification, sirtuins have been defined as NAD-dependent histone deacetylases ([@B32]) involved in regulating a multitude of cellular functions, including metabolism, apoptosis, stress responses, DNA repair, and gene expression ([@B33][@B34][@B36]). The mammalian homologue of SIR2, SIRT1, has been shown to have both proviral and antiviral roles, depending on the virus ([@B37][@B38][@B43]), making this an attractive candidate hit from our yeast-based screening for study in mammalian cells. Moreover, it has previously been suggested that resveratrol, a compound that activates sirtuins, inhibits MERS-CoV replication, and yet no mechanism was investigated in that work ([@B44]). Given the combination of SIRT1 being shown to have roles in replication of mammalian viruses and the fact that SIR2 was the most commonly identified gene in our suppressor screen, this sirtuin became the focus of the study. Other genes identified in yeast are yet to be examined in the mammalian context.

We found that chemical inhibition of SIRT1 or knockdown with either small interfering RNA (siRNA) or clustered regularly interspaced short palindromic repeat interference (CRISPRi) inhibited replication of MERS-CoV, demonstrating that SIRT1 is a proviral factor for viral replication. The sirtuin activator resveratrol was found to inhibit MERS-CoV replication, but this effect was not dependent on the presence of SIRT1, suggesting that other sirtuin proteins may have antiviral roles, while SIRT1 appears to have a proviral role. The yeast-based screening system demonstrated a functional link between ORF4a and SIR2. We did not observe a direct interaction between ORF4a and SIRT1 in mammalian cells. However, we do show that ORF4a can modulate SIRT1-mediated enhancement of NF-κB signaling, suggesting a functional link between the two proteins in mammalian cells. Our work demonstrates the utility of yeast for identifying novel interactions between viral proteins and eukaryotic cells and defines SIRT1 as a proviral factor for MERS-CoV replication.

RESULTS {#s2}
=======

MERS-CoV ORF4a causes a slow-growth phenotype in yeast, and YDL042C/SIR2 is a genetic suppressor. {#s2.1}
-------------------------------------------------------------------------------------------------

Work performed in our laboratory and others previously found that certain proteins from various pathogens can cause a slow-growth phenotype in S. cerevisiae ([@B23][@B24][@B30]). This phenotype can be used to investigate functional aspects of these proteins in eukaryotic cells by the use of suppressor screens. In these screens, yeast genes are knocked out (as in this study) or overexpressed to identify genes that suppress the growth phenotype caused by the expression of the pathogen protein. We took advantage of the yeast model system to investigate cellular interactions of proteins from MERS-CoV.

Genes from the MERS-CoV genome were cloned into a galactose (Gal)-inducible (GAL1) expression vector, based on pBR416 ([@B45]), with a C-terminal green fluorescent protein (GFP) tag, and were transformed into yeast. Grown in the presence of 2% glucose (Glu), the expression of viral genes was inhibited and the yeast strain containing this plasmid was able to grow similarly to yeast transformed with a vector control ([Fig. 1B](#F1){ref-type="fig"} and data not shown). However, grown in the presence of 2% galactose (Gal), viral genes were expressed. We analyzed whether any of the MERS-CoV-encoded proteins could inhibit yeast growth by performing 48 h growth curves, measuring the optical density at 600 nm (OD~600~) on an automated plate reader as the readout for growth ([Fig. 1A](#F1){ref-type="fig"}). We found that the following four MERS-CoV proteins inhibited growth of yeast: NSP5 (green dotted/dashed line in [Fig. 1A](#F1){ref-type="fig"}), NSP10 (maroon line), NSP15 (orange line), and ORF4a (gray line). The other MERS-CoV genes examined had only a modest impact or no impact on growth, suggesting that expression of GFP-tagged proteins alone was not responsible for the slow growth observed. We decided to focus our further study on ORF4a as this accessory protein has been best described for roles in inhibiting the mammalian interferon (IFN) response, which is not conserved in yeast, therefore suggesting the possibility of hitherto-undescribed functions of ORF4a in eukaryotic cells. The growth inhibition caused by ORF4a was further assessed on solid media, where the levels of growth on Glu plates (no protein expression) were indistinguishable between vector control and ORF4a-expressing yeast whereas growth on Gal plates displayed growth inhibition of yeast expressing ORF4a ([Fig. 1B](#F1){ref-type="fig"}). The results from an initial liquid-culture screening were also further confirmed ([Fig. 1C](#F1){ref-type="fig"}).

![MERS-CoV ORF4a causes a slow-growth phenotype in yeast and a suppressor screen pulls out YDL042C/SIR2. (A) Yeast cells transformed with a galactose (Gal)-inducible plasmids to express MERS-CoV proteins were cultured for 2 days in media containing 2% raffinose to reach saturation. Yeast cells were diluted and cultured for 48 h in 2% Gal media at 30°C on a plate reader. Every 30 min, the plate was shaken for 30 s and the OD~600~ was read. The growth curve has OD~600~ plotted against time. Data are from one representative experiment performed using two separate colonies of yeast. Error bars represent deviations between results from the two colonies. (B) Yeast cells transformed with a Gal-inducible plasmid to express MERS-CoV ORF4a or a vector control were cultured for 2 days in media containing 2% raffinose to reach saturation. The OD~600~ was measured, yeast cells were diluted to an OD~600~ of 0.1 in 2% raffinose media, and then a 1:5 dilution series was made. This dilution series of the yeast was then replica plated on agar plates containing 2% glucose (Glu) or 2% Gal. (C) As described for panels A and B, vector control or ORF4a plasmid yeast cells were grown for 2 days in 2% raffinose to reach saturation. Yeast cells were diluted and cultured for 48 h in 2% Gal media at 30°C on a plate reader. Every 30 min, the plate was shaken for 30 s and the OD~600~ was read. The growth curve has OD~600~ plotted against time. Data are from three independent experiments, with error bars showing standard deviations. (D) The Gal-inducible ORF4a plasmid was transformed into a pool of the yeast knockout (YKO) library collection and plated onto agar plates containing Glu or Gal. A suppressor screen was performed by picking large colonies from the ORF4a YKO library on Gal plates and analyzing growth rates for colonies that no longer had the slow-growth phenotype caused by expression of ORF4a. The most commonly detected gene deletion was YDL042C/SIR2. (E) A representative graph for one of the large colonies picked from a Gal plate that was later determined to be ΔYDL042C/SIR2. (F) Western blot to demonstrate that the suppressor phenotype observed in ΔYDL042C/SIR2 colonies was not a result of a lack of ORF4a expression. (G) A known ΔYDL042C/SIR2 strain was picked from an arrayed collection of the YKO library and transformed with Gal-inducible ORF4a plasmid. Data show growth curves of these transformed yeast cells from 3 independent experiments (error bars represent standard deviations). (H) Western blot to confirm that ORF4a was still expressed in the transformed ΔYDL042C/SIR2 cells. (I) Control experiments testing whether ΔYDL042C/SIR2 yeast cells do or do not grow faster than wild-type yeast. SARS-CoV--ORF3b and an empty vector were transformed into yeast that were subsequently grown for 48 h in 2% raffinose media prior to growth to produce growth curves as described above.](JVI.00197-19-f0001){#F1}

We reasoned that the slow-growth phenotype induced by ORF4a was a result of the viral protein disrupting normal cellular function, allowing us to perform a suppressor screen. We hypothesized that knockout of yeast genes involved in the ORF4a-mediated slow growth might reduce the level of inhibition and therefore increase the growth rate. To test this hypothesis, the inducible ORF4a plasmid was transformed into a pooled collection of the yeast knockout library. This library consists of ∼4,600 nonessential gene knockouts. When this transformed library was plated onto Glu plates, the yeast colonies that formed were of similar sizes ([Fig. 1D](#F1){ref-type="fig"}, Glu). However, plated to Gal plates to induce ORF4a expression, a broad range of colony sizes were observed ([Fig. 1D](#F1){ref-type="fig"}, Gal). Of most interest were the large colonies, as these were thought to have been formed by yeast cells that contain deletions of genes that confer a suppressor phenotype on ORF4a-mediated slow growth. Large colonies were picked from Gal plates and were tested for growth in liquid culture and for continued expression of ORF4a (data not show). Suppressors were determined as knockout yeast that expressed ORF4a and showed enhanced growth compared to ORF4a-expressing wild-type (WT) yeast. The identity of the knockout was determined by PCR amplification and sequencing of the unique barcode regions that are used in the yeast knockout library.

For the screening process, ∼150 colonies were assessed for growth phenotypes and 56 were found to have suppressor phenotypes to various degrees (data not shown). These 56 colonies determined as hits were sequenced and found to represent 42 different genes ([Table 1](#T1){ref-type="table"}). The most commonly detected gene knockout was YDL042C/SIR2 (no other sirtuin genes were detected). Tested in liquid culture, ΔYDL042C/SIR2 colonies picked from Gal plates showed a suppressor phenotype. Panel E of [Fig. 1](#F1){ref-type="fig"} shows an example of a single colony that was picked from a galactose screening plate that had a suppressor phenotype. When the growth rate of the initial fast-growing colony was assessed, the identity of the gene knockout was unknown. Subsequent sequencing determined it to be ΔYDL042C. This colony represented one of the five ΔYDL042C colonies that were identified as suppressors in the screen. The colony displayed in [Fig. 1E](#F1){ref-type="fig"} still maintained expression of ORF4a, such that the enhanced growth was not a consequence of a lack of expression of the viral protein ([Fig. 1F](#F1){ref-type="fig"}). To validate the hypothesis that YDL042C/SIR2 is indeed a suppressor of ORF4a, a confirmed YDL042C/SIR2 deletion strain was transformed with the ORF4a expression plasmid. When the known transformed deletion strain was tested for growth ([Fig. 1G](#F1){ref-type="fig"}) and protein expression ([Fig. 1H](#F1){ref-type="fig"}), the suppressor phenotype was maintained. To further validate identification of YDL042C as a specific suppressor of ORF4a, ΔYDL042C yeast cells were also transformed with an empty vector or a vector expressing SARS-CoV ORF3b with a GFP tag (which does not cause a slow-growth phenotype). Empty vector and ORF3b-GFP ΔYDL042C yeast grew at rates similar to those seen with the vector control yeast, suggesting that the ΔYDL042C phenotype did not stimulate enhanced growth and therefore that the suppressor phenotype seen when ORF4a was present was specific ([Fig. 1I](#F1){ref-type="fig"}). Combined, these data argue that YDL042C/SIR2 is a bona fide genetic suppressor of ORF4a-mediated slow growth.

###### 

Table of the yeast genes that were found in suppressor screening of the ORF4a YKO library[^*a*^](#T1F1){ref-type="table-fn"}

  Yeast gene name   Yeast protein name   No. of hits
  ----------------- -------------------- -------------
  YDL042C           SIR2                 5
  YHR075C           PPE1                 4
  YOL020W           TAT2                 3
  YIL020C           HIS6                 2
  YJR069C           HAM1                 2
  YER174C           GRX4                 2
  YNL300W           TOS6                 2
  YMR305C           SCW10                2
  YGR181W           TIM13                1
  YOR223W           DSC3                 1
  YDL051W           LHP1                 1
  YLL001W           DNM1                 1
  YNR060W           FRE4                 1
  YAL014C           SYN8                 1
  YCR010C           ADY2                 1
  YOR248W           Dubious ORF          1
  YHR073W           OSH3                 1
  YMR210W           MGL2                 1
  YPL003W           ULA1                 1
  YLR020C           YEH2                 1
  YLR426W           TDA5                 1
  YLR151C           PCD1                 1
  YGR142W           BTN2                 1
  YHR018C           ARG4                 1
  YJR094C           IME1                 1
  YLR149C           YLR149C              1
  YJR056C           YJR056C              1
  YHR204W           MNL1                 1
  YKL217W           JEN1                 1
  YPL107W           YPL107W              1
  YAL027W           SAW1                 1
  YOR076C           SKI7                 1
  YMR153C-A         Dubious ORF          1
  YLR227C           YSH1                 1
  YJR092W           BUD4                 1
  YMR057C           Dubious ORF          1
  YMR025W           CSI1                 1
  YCL001W           RER1                 1
  YKL076C           PSY1                 1
  YHR046C           INM1                 1
  YNR014W           YNR014W              1
  YOR239W           ABP140               1

The data in the column labeled "No. of hits" indicate numbers of individual colonies that were found to have the same gene deletion. YKO, yeast knockout; ORF, open reading frame.

ORF4a and SIRT1 do not directly interact in mammalian cells. {#s2.2}
------------------------------------------------------------

The mammalian homologue of yeast YDL042C/SIR2 is the histone deacetylase sirtuin protein SIRT1 (67% similarity at the protein level). We therefore hypothesized that ORF4a may interact with SIRT1 in mammalian cells to regulate MERS-CoV replication. Endogenous SIRT1 is localized to the nucleus in Huh7 cells, with areas that appear to have lower-intensity labeling ([Fig. 2A](#F2){ref-type="fig"}). Transfected into Huh7 cells, a plasmid encoding ORF4a-GFP showed GFP signal in the cytosol, with additional puncta in the nucleus ([Fig. 2B](#F2){ref-type="fig"}), in agreement with previously published data ([@B7]). The colabeling of these transfected cells with antibodies against SIRT1 showed both proteins to be in the nucleus. However, the nuclear puncta of ORF4a-GFP appeared to be in regions with lower levels of SIRT1 labeling ([Fig. 2B](#F2){ref-type="fig"}). In cells infected with MERS-CoV, labeled with antisera to ORF4a, and colabeled with anti-SIRT1 antibody, ORF4a was founded in the nucleus and in cytosolic puncta, while SIRT1 was still localized to the nucleus ([Fig. 2C](#F2){ref-type="fig"}). The more punctate appearance of cytosolic ORF4a in infected cells was possibly a result of lower expression levels compared to the overexpression construct. Overall, it appears that endogenous SIRT1 was localized to the nucleus, while GFP-tagged ORF4a and ORF4a expressed during infection were both localized in the nucleus and cytosol.

![Localization of ORF4a and SIRT1 in Huh7 cells. (A) Huh7 cells grown on coverslips were subjected to immunofluorescence staining with anti-SIRT1 antibody (visualized with anti-mouse Texas Red). (B) Huh7 cells grown on coverslips were transfected with a plasmid expressing ORF4a-GFP and were subsequently subjected to immunofluorescence labeling for SIRT1 (visualized with anti-mouse Texas Red). Arrows point toward nuclear and arrowheads point toward cytosolic ORF4a localizations. (C) Huh7 cells were plated to coverslips 1 day prior to infection with MERS-CoV at an MOI of 1 (uninfected cells were grown as a control). Infection was allowed to proceed for 18 h prior to fixation and immunofluorescence labeling for SIRT1 (visualized with anti-mouse Texas Red) and ORF4a (visualized with anti-rabbit FITC). Arrows point toward nuclear and arrowheads point toward cytosolic ORF4a localizations. In all experiments, nuclei were labeled with DAPI. Scale bars = 50 μm.](JVI.00197-19-f0002){#F2}

To thoroughly test whether ORF4a and SIRT1 could interact in Huh7 cells, we acquired both WT and catalytically dead (H363Y) Flag-tagged expression plasmids of SIRT1 ([Fig. 3A](#F3){ref-type="fig"}), reasoning that a higher level of expression of SIRT1 would allow us to detect even low levels of interaction. The overexpression constructs appeared to show a localization pattern similar to that seen with endogenous SIRT1 when expressed individually in cells (data not shown) and when cotransfected with ORF4a-GFP ([Fig. 3B](#F3){ref-type="fig"}), suggesting that these are useful for investigating interaction of ORF4a and SIRT1 proteins. Once again, both SIRT1-Flag and ORF4a-GFP were seen in the nucleus, suggesting that they are in the same compartment of cells and therefore could potentially interact. To investigate this more directly, we used coimmunoprecipitation (co-IP) experiments. Cells were transfected with ORF4a-GFP alone or in combination with WT or H363Y SIRT1-Flag-expressing plasmids. Anti-GFP antibody was used to immunoprecipitate ORF4a-GFP, which could be detected in the IP fraction in blotting with anti-GFP antibody ([Fig. 3C](#F3){ref-type="fig"}). In cells cotransfected with ORF4a-GFP and either of the SIRT1 constructs, while ORF4a-GFP could be precipitated, SIRT1 was detected only in the nonspecific and flowthrough fractions and never in the IP fraction ([Fig. 3C](#F3){ref-type="fig"}). These data suggest that ORF4a and SIRT1 do not directly interact in Huh7 cells.

![ORF4a and SIRT1 do not directly interact in mammalian cells. (A) Whole-cell lysates from untransfected (Unt.) Huh7 cells or cells transfected with wild-type SIRT1 or H363Y mutant SIRT1-Flag-tagged plasmids were subjected to Western blotting with anti-SIRT1 or anti-Flag antibodies. Short and long exposures were performed to allow visualization of endogenous SIRT1 as indicated. (B) Huh7 cells grown on coverslips were cotransfected with ORF4a-GFP and SIRT1-Flag plasmid prior to being subjected to immunofluorescence labeling with anti-Flag antibody (visualized with anti-mouse Texas Red). Nuclei were labeled with DAPI. Scale bar = 50 μm. (C) Huh7 cells transfected with ORF4a-GFP or with wild-type or H363Y SIRT1-Flag or subjected to cotransfection were lysed and subjected to immunoprecipitation (IP) using anti-GFP antibody. Whole-cell lysate and nonspecific (NS), flowthrough (FT), and IP fractions were all analyzed (see Materials and Methods). Membranes were subjected to Western blotting with anti-GFP antibody and anti-SIRT1 antibody. "HC" denotes the IgG heavy chain.](JVI.00197-19-f0003){#F3}

SIRT1 is a proviral factor for MERS-CoV replication. {#s2.3}
----------------------------------------------------

Yeast SIR2 was detected as a genetic suppressor of ORF4a-mediated slow growth, and yet ORF4a and SIRT1 were found to not directly interact in mammalian cells. The genetic suppression observed in yeast does not necessitate a direct interaction between the two proteins. We therefore hypothesized that ORF4a may modulate SIRT1 activity indirectly to regulate MERS-CoV replication. If this were the case, modulation of SIRT1 activity should alter the replication of MERS-CoV. It has previously been suggested that resveratrol, a chemical compound that broadly activates sirtuin proteins, can inhibit MERS-CoV replication ([@B44]). We looked to reproduce these results and indeed found that at higher concentrations, resveratrol was capable of inhibiting MERS-CoV replication as judged by assessing viral titer released into the supernatant ([Fig. 4A](#F4){ref-type="fig"}). This inhibition was seen when the drug was added 2 h before, at the same time as, or 2 h after virus was added to the cells, suggesting that resveratrol was not inhibiting entry stages of infection. We additionally tested the impact of EX527, a chemical that inhibits SIRT1. These data showed that SIRT1 inhibition also resulted in inhibition of MERS-CoV replication ([Fig. 4B](#F4){ref-type="fig"}). This result was again seen regardless of time of addition. Neither of these results appeared to be fully explainable by cell death, as only small differences were observed at the higher concentrations of drug in assessments of cell viability by CellTitre-Glo assay ([Fig. 4C](#F4){ref-type="fig"}).

![Sirtuin-modulating drugs impact MERS-CoV infection. (A) Huh7 cells were treated with the indicated concentrations of resveratrol at −2, 0, or +2 h relative to infection with MERS-CoV at an MOI of 0.1. Cells were incubated for 24 h and supernatant collected. Virus TCID~50~ per milliliter in the supernatant was determined on Vero cells. Ethanol (EtOH) was the vehicle control for drug treatment. (B) As described for panel A, but cells were treated with EX527. For both panel A and panel B, data are from three independent experiments, with error bars representing standard deviations. (C) Cell viability was determined by CellTiter-Glo assay. Huh7 cells were treated with the indicated concentration of drug for 24 h prior to performance of the CellTiter-Glo assay to determine viability over a time period equivalent to that used in the MERS-CoV infection experiments. Error bars represent standard deviations of results of comparisons between 6 treatment wells from an experiment representing 3.](JVI.00197-19-f0004){#F4}

In order to investigate the role of SIRT1 more directly, siRNA was used to knock down expression of the protein. We used two siRNA sequences targeting SIRT1 ([@B42]). Both siRNA sequences were capable of knocking down SIRT1 expression ([Fig. 5A](#F5){ref-type="fig"}), and both resulted in minor drops in cell viability as assessed by CellTitre-Glo assay ([Fig. 5B](#F5){ref-type="fig"}). When these samples were infected with MERS-CoV, significant inhibition of infection was detected ([Fig. 5C](#F5){ref-type="fig"}). While knockdown of SIRT1 was clearly capable of inhibiting MERS-CoV replication, overexpression of WT or H363Y SIRT1-Flag did not have any impact on virus production ([Fig. 5D](#F5){ref-type="fig"}), suggesting that the endogenous levels of SIRT1 may be sufficient for replication.

![SIRT1 knockdown inhibits MERS-CoV replication. (A) Huh7 cells were transfected with one of two SIRT1-targeting siRNA sequences (siSIRT1-1 or siSIRT1-2) or scrambled siRNA as control. Cells were lysed and subjected to Western blotting for SIRT1. Results of long and short exposures of the blot are shown. (B) Cell viability of siRNA-transfected Huh7 cells was determined by CellTiter-Glo assay. Cells were plated 24 h prior to the assay to assess viability at a time that matched the time at which infections were performed. Lum., luminescence; A.U., arbitrary units. (C) siRNA-transfected cells were infected 24 h after plating with MERS-CoV was performed at an MOI of 0.1. Cells were incubated for 24 h prior to supernatant collection. Virus titer in the supernatant was determined by TCID~50~ assay on Vero cells. Data are from 3 independent experiments, with error bars representing standard deviations. \*\*, *P* \< 0.01 (by Student's *t* test). (D) Huh7 cells were transfected with wild-type or H363Y mutant SIRT1 plasmids and infected with MERS-CoV at an MOI of 0.1. Virus titer in supernatant was determined as described for panel C. (E) siRNA-transfected cells were infected with MERS-CoV at an MOI of 0.1 or 1 and additionally treated with 200 μM resveratrol or ethanol (EtOH) vehicle control (added at the same time as the virus). Virus titer in the supernatant was determined as described for panels C and D. ND = not detected. MOI 1 was additionally used to allow detection of virus in the double treated cells.](JVI.00197-19-f0005){#F5}

These data suggest that SIRT1 is a proviral factor for MERS-CoV infection. However, this result is at odds with the data showing that resveratrol, a sirutin activator, inhibited infection. Resveratrol is a broad activator of sirtuin proteins, of which there are 7 in the human genome. We hypothesized that different sirtuin proteins may have different impacts on MERS-CoV infection. This was tested by transfecting cells with SIRT1 siRNA, treating with resveratrol, and infecting with MERS-CoV. Resveratrol was capable of inhibiting MERS-CoV infection even in the absence of SIRT1 ([Fig. 5E](#F5){ref-type="fig"}). These data suggest that resveratrol inhibits MERS-CoV infection independently of SIRT1.

CRISPRi further demonstrates SIRT1 is a proviral factor for MERS-CoV replication. {#s2.4}
---------------------------------------------------------------------------------

Our siRNA-mediated knockdown of SIRT1 in [Fig. 5](#F5){ref-type="fig"} suggests that SIRT1 is a proviral factor for MERS-CoV replication. In order to further assess the effect of SIRT1 on MERS-CoV replication, a CRISPRi approach was used ([@B46]). For this, Huh7 cells that stably express a catalytically dead version of Cas9 (dCas9) were produced through lentiviral transduction. The dCas9 can be inducibly expressed and binds to DNA as directed by the guide RNA but does not cleave, instead acting as a steric block to transcription. Moreover, a KRAB element on the dCas9 further enhances transcriptional repression. These stable Huh7-dCas9 cells were further transfected to stably express a short guide RNA (sgRNA) sequence to target the SIRT1 gene. Two lentiviral preparations were used to independently transfect two separate populations of Huh7 cells stably expressing the dCas9 construct (Huh7-dCas9 cells). The sgRNA is constitutively expressed, while the dCas9 is doxycycline (DOX) inducible; therefore, the stable cell populations can be divided into DOX-treated and untreated populations for internal controls of target gene knockdown. Both Huh7-dCas9-sgRNA cell populations demonstrated knockdown of SIRT1 under conditions of treatment with DOX for 7 days ([Fig. 6A](#F6){ref-type="fig"}). When these doxycycline-treated cells were infected with MERS-CoV, there was a significant inhibition of replication in both populations ([Fig. 6B](#F6){ref-type="fig"}). Knockdown of SIRT1 by both siRNA and CRISPRi inhibited MERS-CoV replication, showing this protein to be a proviral factor for replication.

![CRISPRi-mediated knockdown of SIRT1 inhibits MERS-CoV replication. (A) Two populations of Huh7 cells stably transfected with doxycycline (DOX)-inducible dCas9 were further transfected with two different lentiviral preparations containing a sgRNA sequence targeting SIRT1 to produce two independent populations of stable Huh7-dCas9-sgRNA cells. Each of the two populations was divided into two groups and either treated with DOX or grown in normal culture media for 7 days. Cells were lysed and samples subjected to Western blotting for SIRT1. (B) The stable Huh7-dCas9-sgRNA cells were grown for 7 days with or without DOX treatment and infected with MERS-CoV at an MOI of 0.1. For all cell groups, media were changed to normal growth media at the time of infection and samples were collected 24 h later to determine titer by TCID~50~ assay on Vero cells. Data are from three independent infections, with error bars representing standard deviations. \*\*\*\*, *P* \< 0.001 (by Student's *t* test comparing DOX-treated and untreated samples). (C) The two populations of stable dCas9-Huh7-sgRNA cells were cultured as described for panel B and infected with MERS-CoV at an MOI of 0.1 or 1 and simultaneously treated with 200 μM resveratrol or ethanol (EtOH) vehicle control. Virus titer in supernatant was determined as described for panel B. Data are from a single infection; error bars represent standard deviations in calculations of TCID~50~ per milliliter from three samples.](JVI.00197-19-f0006){#F6}

Using these CRISPRi cells, we also confirmed that resveratrol inhibited MERS-CoV replication even in the absence of SIRT1 ([Fig. 6C](#F6){ref-type="fig"}), validating the siRNA results ([Fig. 5E](#F5){ref-type="fig"}). The level of inhibition of MERS-CoV replication in control cells appears to have been slightly lower in this experiment; however, under conditions of testing over multiple infections ([Fig. 6B](#F6){ref-type="fig"}), the inhibition results were statistically significant. Overall, it appears that even though the sirtuin activator resveratrol has antiviral activity with respect to MERS-CoV replication, SIRT1 is dispensable for this effect.

ORF4a modulates SIRT1 activity as assessed by an NF-κB pathway readout. {#s2.5}
-----------------------------------------------------------------------

SIRT1 appears to function as a proviral factor for MERS-CoV replication ([Fig. 5](#F5){ref-type="fig"}; see also [Fig. 6](#F6){ref-type="fig"}). Our suppressor screen in yeast detected a genetic link between MERS-CoV ORF4a and SIR2 ([Fig. 1](#F1){ref-type="fig"}), but we were unable to detect a direct interaction between ORF4a and mammalian SIRT1 ([Fig. 3](#F3){ref-type="fig"}). We therefore speculated that ORF4a may have an indirect influence on SIRT1 activity in promoting MERS-CoV replication. SIRT1 has previously been shown to modulate NF-κB signaling through deacetylation of RelA/p65 ([@B47]). We therefore decided to use NF-κB signaling as a readout of SIRT1 activity to determine whether ORF4a alters this.

HEK293T cells were transfected with combinations of ORF4a, SIRT1 (WT or H363Y mutant), and a κB-luciferase plasmid ([Fig. 7A](#F7){ref-type="fig"}). The following day, cells were treated with tumor necrosis factor alpha (TNF-α) for 6 h and lysed, and the amount of luciferase produced was determined. (Results of controls performed for analysis of background luminescence can be seen in [Fig. 7D](#F7){ref-type="fig"}.) At odds with previously published data, we found that transient transfection of SIRT1 in our system significantly enhanced luciferase production following TNF-α treatment compared to the results seen with control transfected cells ([Fig. 6](#F6){ref-type="fig"}; see also [Fig. 7B](#F7){ref-type="fig"}). Cells transfected with H363Y SIRT1 also showed an enhanced level of luciferase production ([Fig. 7B](#F7){ref-type="fig"}). When MERS-CoV ORF4a was transfected into cells, inhibition of luciferase production was observed ([Fig. 7B](#F7){ref-type="fig"}). Importantly, when ORF4a was transfected into cells alongside SIRT1 (WT or H363Y), the luciferase levels were similar to those seen with ORF4a alone. These results suggest that SIRT1 no longer enhanced luciferase production in response to TNF-α when ORF4a was present, suggesting that ORF4a was altering this readout of SIRT1 activity ([Fig. 7B](#F7){ref-type="fig"}).

![MERS-CoV ORF4a alters SIRT1 function in mammalian cells. (A) HEK293T cells were transfected with a κB-luciferase reporter plasmid and combinations of ORF4a-GFP, wild-type (WT) or H363Y mutant SIRT1 as labeled, and a GFP expressing plasmid to balance DNA levels (see Materials and Methods). Cells were lysed, and whole-cell lysates were Western blotted for SIRT1, GFP, and tubulin as a loading control. (B) As described for panel A, cells were transfected with various combinations of plasmids and then treated with TNF-α for 6 h prior to performing a firefly luciferase assay to assess production of luciferase from the κB promoter. Wild-type SIRT1 transfection significantly (*P* = 0.0132) enhanced luciferase production, as did H363Y SIRT1 (*P* = 0.0015), compared to cells with only the κB-luciferase plasmid (Luc. only). ORF4a significantly inhibited luciferase production (*P* = \<0.0001) compared to the Luc.-only control. There was no significant difference when ORF4a and SIRT1 WT or H363Y were coexpressed in cells. Data are from analyses of three independent wells, with significance determined using one-way analysis of variance (ANOVA) with Bonferroni's multiple-comparison test in Prism software. (C) Huh7 cells were transfected as described for panel A. Data from the Luc. only control and ORF4a data are the same as described for panel A; data are separated into two graphs for clarity. Cells were treated with resveratrol (Res) or EX527 (EX) at the indicated concentrations (in micromoles) for 2 h prior to addition of TNF-α and further incubation for 6 h. Luciferase production was determined as described for panel A. Drug treatment results are compared to those determined for the Luc. only cells (black annotation), and the results determined for ORF4a and drug are compared to those determined for ORF4a (red annotations) for significance testing (as described for panel B). Data are from three independent wells. (D) Control samples to assess background luminescence. Data are from experiments performed with the κB-luciferase reporter plasmid transfected along with a GFP expression plasmid or represent GFP expression only (no luc.) or no transfection. All samples were subjected to TNF-α treatment, with the exception of the no-TNF-α samples.](JVI.00197-19-f0007){#F7}

Treatment of cells with resveratrol also gave an enhanced level of NF-κB signaling in response to TNF-α, further suggesting a role for sirtuins in regulating this pathway in HEK293T cells ([Fig. 7C](#F7){ref-type="fig"}). However, EX527 had no effect in our tests ([Fig. 7C](#F7){ref-type="fig"}). A small but significant increase in NF-κB signaling was seen when ORF4a-transfected cells were treated with resveratrol, but luciferase production was largely blocked compared to the levels seen with cells without transfected ORF4a ([Fig. 7B](#F7){ref-type="fig"}). These data further suggest that ORF4a is capable of modulating SIRT1-mediated enhancement of NF-κB signaling stimulated by TNF-α treatment. Overall, the results from the SIRT1 transfection and the resveratrol treatment suggest that ORF4a alters a SIRT1-mediated response in cells, suggesting a functional link between the two.

DISCUSSION {#s3}
==========

We have demonstrated that SIRT1 is a proviral cellular protein for MERS-CoV replication and that yeast cells represent a powerful tool to identify previously unknown virus-host interactions. Our initial work started with a suppressor screen in the yeast S. cerevisiae. We found that expression of MERS-CoV ORF4a in yeast caused slow growth. ORF4a functions as a double-stranded RNA binding protein that disrupts RIG-I, MDA5, PKR, and stress granule responses in infected cells to promote viral replication ([@B7][@B8][@B12]). ORF4a is well characterized as an inhibitor of the interferon response. Yeast species do not have an interferon response and yet show growth inhibition by ORF4a expression, suggesting further functional cellular interactions for the protein. To investigate the ways in which ORF4a might inhibit yeast growth, a suppressor screen was utilized. By screening the yeast knockout library for suppressors of ORF4a-induced growth attenuation, the YDL042C yeast gene was identified. The YDL042C gene encodes the SIR2 protein, and our work validated this as a bona fide suppressor of the the ORF4a-mediated slow-growth phenotype. The suppressor screen results suggest that there is a functional link between the two proteins but that the link does not rely on a direct physical interaction.

While yeast is a powerful starting point for investigating eukaryotic cell biology, in the context of MERS-CoV infection, it is important to establish relevance in a mammalian system. We did not find a direct interaction between ORF4a and SIRT1 in Huh7 cells by coimmunoprecipitation. However, when SIRT1 was inhibited either by EX527 treatment or by knockdown by siRNA or CRISPRi, MERS-CoV replication was inhibited. This establishes SIRT1 is a proviral factor for MERS-CoV replication.

Interestingly, our data also suggest that other sirtuin proteins may have antiviral roles in the context of MERS-CoV replication. Resveratrol, a compound derived from various plants, has been shown to activate sirtuin proteins ([@B48]) and was previously shown to inhibit MERS-CoV replication ([@B44]), a result that we replicated here. However, we demonstrated that knockdown of SIRT1 by siRNA or CRIPSRi had no impact on the resveratrol-mediated inhibition of MERS-CoV replication, suggesting that other members of the sirtuin family that are activated by the compound may have antiviral properties. Alternatively, resveratrol may have other effects on cell biology that inhibit MERS-CoV replication. Since SIRT1 was shown to be a proviral factor by our data and since resveratrol can activate SIRT1 function, it appears that the antiviral properties of resveratrol may outweigh the potential proviral function of SIRT1 or that the proviral role of SIRT1 is not based on its catalytic activity. Indeed, our experiments looking at the NF-κB pathway (discussed further below) suggest that SIRT1 may have activity in a catalytically dead form, arguing for a role in MERS-CoV replication that does not require enzymatic function. The role of other sirtuins in MERS-CoV replication and in how MERS-CoV modulates these to promote infection is the focus of future studies.

The yeast-based screening system identified a genetic interaction between ORF4a and SIR2, which led us to hypothesize that ORF4a may have a functional link with mammalian SIRT1 to regulate its function and promote MERS-CoV replication. SIRT1 has previously been shown to modulate NF-κB signaling in response to TNF-α ([@B47]). This work demonstrated a direct interaction between SIRT1 and p65/RelA and that SIRT1 inhibited the pathway by deacetylation of this NF-κB protein. We therefore reasoned that this modulation of the NF-κB pathway could be used as a readout to determine whether ORF4a expression alters SIRT1 function. Interestingly, we found that SIRT1 overexpression in HEK293T cells actually resulted in an enhanced NF-κB response following TNF-α treatment and that this enhancement occurred regardless of the level of catalytic activity of SIRT1. This discrepancy with previously published work could represent a result of the use of different cell lines. Our data suggest that SIRT1 promotes NF-κB signaling in HEK293T cells, perhaps by directly binding NF-κB and acting as a scaffold protein or by altering steps downstream in the signaling pathway, but that it does so independently of catalytic activity.

While we found the effects of SIRT1 on NF-κB to be different from those reported from previous studies in different cell lines, SIRT1 still altered the NF-κB response, allowing us to investigate the role of ORF4a in this pathway. Our experiments demonstrated that ORF4a was a potent suppressor of NF-κB signaling in HEK293T cells. When ORF4a and SIRT1 were coexpressed in cells, there was no longer an enhancement in luciferase production from the κB promoter. We cannot rule out the possibility that ORF4a may influence NF-κB signaling independently of SIRT1, but SIRT1 overexpression was not able to overcome ORF4a-mediated inhibition. These data, along with the genetic link observed in yeast, suggest that ORF4a and SIRT1 may have a functional connection without direct binding and that there is an additional node of regulation between the two proteins, which is under investigation. This work adds SIRT1 to the list of host factors that mediate MERS-CoV replication such as stress granule formation and host innate immune machinery ([@B9][@B10][@B12]). The magnitude of inhibition when those factors are affected is ∼1 log, demonstrating that, as seen in SIRT1, host machinery interacts with various virus replication steps to potentially hinder replication. All of these factors demonstrate novel therapeutic targets for future development.

Overall, we have demonstrated the utility of yeast for investigating the function of viral proteins in a highly tractable heterologous expression platform. We found that studies in yeast are relevant in a mammalian system, as the identification of yeast SIR2 as a suppressor was used to determine that the mammalian deacetylase, SIRT1, is a proviral factor for MERS-CoV replication. We currently do not understand how SIRT1 enhances MERS-CoV replication or the role that ORF4a plays in this. We hypothesize that acetylation of additional cellular or viral proteins during MERS-CoV replication is required for efficient replication and that ORF4a has evolved to modulate this activity. The multifunctional property of ORF4a has revealed novel SIRT1 functions and pathways that MERS-CoV and potentially other viruses utilize to impact their replication.

MATERIALS AND METHODS {#s4}
=====================

Plasmids and compounds. {#s4.1}
-----------------------

MERS-CoV ORF4a was cloned into a modified pRS413 plasmid containing a GAL1 promoter. The multicloning site of pRS413/GAL1 was replaced with a cassette containing Kpn1/EcoRI/Xma1/Sac1 (GGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTC) to create pGAL1/URA3/MCS. MERS-CoV ORF4a was PCR amplified from MERS-CoV (EMC/2012) using a forward primer (GAATTCACCATGGATTACGTGTCTCT) and a reverse primer (CCCGGGGTTGGAGAATGGCTCCTCTT) and cloned into pCAGGS/GFP by the use of EcoRI/Xma1 to create pCAGGS/ORF4a/GFP. From this plasmid, the ORF4a-GFP insertion was cloned into pGAL1/URA3/MCS via EcoRI/Xma1 digestion. All other viral protein yeast plasmids were produced through the same approach. The primer sequences used can be provided upon request. The κB-luciferase plasmids were previously described ([@B49]). Wild-type and H363Y mutant Flag-SIRT1 plasmids were a gift from Michael Greenberg (Addgene plasmid no. 1791 and no. 1792) ([@B50]). The siRNAs targeting SIRT1 were purchased from Sigma using their Rosetta prediction for predesigned sequences. The SIRT1-siRNA-1 sense sequence used was CUGUGAAGCUGUACGAGGA(dT)(dT), and the SIRT1-siRNA-2 sense sequence used was GAAGUACAAACUUCUAGGA(dT)(dT) (these sequences were previously used in the study described in reference [@B42]). The scrambled control siRNA used was Mission siRNA universal negative-control no. 1 (Sigma). pHAGE TRE dCas9-KRAB was a gift from Rene Maehr and Scot Wolfe (Addgene plasmid no. 50917) ([@B51]). pLenti SpBsmBI sgRNA puromycin vector was a kind gift from Rene Maehr (Addgene plasmid no. 62207) ([@B52]). Two rounds of site-directed mutagenesis (QuikChange site-directed mutagenesis kit; Agilent) were performed on pLenti SpBsmBI sgRNA Puro vector to incorporate extended hairpin and A-U flip, previously demonstrated to increase levels of Cas9 targeting ([@B53]). CRISPRi SIRT1 sgRNA (forward, ACACCGGCGCGTCGAGCGGGAGCAGG; reverse, TAAACCTGCTCCCGCTCGACGCGCCG) was cloned into pTCL36 using BsmB1. All constructs were verified by DNA sequencing. Resveratrol and EX527 were purchased from Sigma, and stocks made in 100% ethanol.

Yeast strains and growth. {#s4.2}
-------------------------

The plasmid containing MERS-CoV ORF4a was transformed into the PDR1/PDR3 knockout strain derived from BY4742 (*MAT*α *his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0)* as previously described ([@B23], [@B24]). For expression of MERS-CoV ORF4a or the vector control, yeast cells were transformed (per a protocol reported previously \[[@B54]\]) with the plasmid and maintained on Casamino Acids (CAA) media lacking uracil. For growth experiments, single colonies of yeast cells were picked from plates and grown for 2 days at 30°C to reach stationary-phase growth in CAA media containing 2% raffinose. Cultures were subsequently diluted in CAA media containing 2% galactose to induce gene expression. The optical density (OD~600~) of the cultures was analyzed using a Synergy HTX multimode plate reader. Plates were incubated at 30°C for 48 h. Every 30 min, plates were shaken for 30 s and the OD~600~ was measured. For dilution drop culture experiments, yeast cells were grown overnight in CAA media containing 2% glucose. The OD~600~ of these cultures was measured (using the Synergy HTX reader), samples were diluted in 2% glucose media to achieve an OD~600~ of 0.1, and a 5-fold dilution series was made. These diluted samples were subsequently plated to glucose-containing or galactose-containing agar plates using a multiplate replicator (Boekel Scientific) and incubated at 30°C for two (glucose) or three (galactose) days.

Yeast Western blotting sample preparation. {#s4.3}
------------------------------------------

A sodium hydroxide extraction approach was used for Western blotting of proteins from yeast. For this, transformed yeast cells were grown for 2 days at 30°C in CAA media containing 2% galactose to reach stationary-phase growth. Samples of these cultures were then incubated for 10 min in 0.1 M NaOH. Cells were pelleted and resuspended in 1× Laemmli sample buffer (LSB) with β-mercaptoethanol. Samples were heated at 95°C for 5 min, and equal sample volumes were separated by SDS-PAGE and then subjected to Western blotting (see below for further details).

Mammalian cell culture. {#s4.4}
-----------------------

Huh7 and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Corning) supplemented with 10% (vol/vol) fetal calf serum (FCS; Sigma) and 1% (vol/vol) penicillin/streptomycin (pen/strep; Gemini Bioscience) (10,000 U/ml \[10 mg/ml\]). Vero cells were cultured in minimal essential medium (MEM; Corning) supplemented with 10% (vol/vol) FCS, 1% (vol/vol) pen/strep, and 1% (vol/vol) [l]{.smallcaps}-glutamine (Gibco) (2 mM final concentration). All cell lines were maintained at 37°C and 5% CO~2~.

Transient transfection. {#s4.5}
-----------------------

For transient transfection, cells were plated in 6-well dishes 1 day prior to transfection to achieve approximately 70% to 90% confluence. Cells were transfected using Lipofectamine LTX and Plus regents (Thermo) per the manufacturer's instructions (using 4 μg of DNA per well of transfection---for cotransfection experiments, this value was kept consistent such that 2 μg of each plasmid would be used). Cells were grown for 24 h after transfection prior to use.

Immunofluorescence microscopy. {#s4.6}
------------------------------

For detection of SIRT1, cells were plated on glass coverslips 1 day prior to use. Cells were fixed by 15 min of incubation at room temperature (RT; the same temperature was used for all subsequent steps) with 4% (vol/vol) formaldehyde (Thermo) in phosphate-buffered saline (PBS). Cells were washed with PBS and excess formaldehyde quenched by 15 min of incubation with 50 mM NH~4~Cl--PBS. Cells were again washed and lysed in 0.1% (vol/vol) Triton X-100 (Sigma) and then incubated for 10 min. Samples were blocked for 10 min with 0.2% bovine serum albumin (BSA)--PBS. Primary antibodies were then incubated with the sample diluted in 0.2% BSA for 1 h. Samples were washed in 0.2% BSA three times for 5 min each time and were then incubated with secondary antibodies in 0.2% BSA for 45 min. Finally, coverslips were washed with PBS four times for 5 min each time and mounted to glass slides using Prolong Gold antifade reagent with DAPI (4′,6-diamidino-2-phenylindole; Invitrogen).

For the experiment looking at ORF4a localization with MERS-CoV infection, Huh7 cells were plated on coverslips 1 day prior to infection with MERS-CoV. Cells were infected for 18 h prior to being fixed with 4% PFA for 24 h per the standard operating practice (SOP) for the biosafety level 3 (BSL3) containment facility. Cells were then labeled for immunofluorescence microscopy as described above.

The antibodies used were as follows: mouse anti-SIRT1 (clone 1F3; Abcam) (1 mg/ml) and anti-mouse Texas Red and anti-rabbit fluorescein isothiocyanate (FITC; Vector Labs) (1.5 mg/ml). All antibodies were diluted 1:100 for use. Rabbit anti-ORF4a serum (a kind gift from Stanley Perlman; used as described previously \[[@B55]\]) was diluted 1:100 for use. Imaging was performed using an Echo Revolve microscope.

siRNA knockdown. {#s4.7}
----------------

A double-siRNA-transfection approach was used to achieve knockdown. Cells were plated in a 6-well dish the morning of day 1 and allowed to settle on the plates for 3 to 4 h. Cells were then transfected with one of two SIRT1-targeting siRNAs (the sequences are described above in the "Plasmids and compounds" section and were the same as those reported in reference [@B42]) or with scrambled siRNA (Mission siRNA universal negative-control no. 1 \[Sigma\]) using Oligofectamine reagent (Thermo) and Opti-MEM (Gibco). For a 6-well dish, 10 μl Oligofectamine and 20 μl Opti-MEM were mixed and the mixture was incubated for 5 min at RT and mixed with 160 μl Opti-MEM and 4 μl 50 μM siRNA. This transfection mixture was incubated for 20 min at RT. Media were removed from cells and replaced with 800 μl Opti-MEM, the transfection mixture was added, and the resulting mixture was incubated at 37°C/5% CO~2~ for 4 h. After this incubation period, a 1:1 volume of 20% FBS--DMEM was added to the cells. The following day, media were changed for 10% FBS--DMEM. Cells were collected on day 3 and replated for a second round of transfection using the same approach. Cells were then collected on day 5 and prepared for experimental use.

CRISPRi. {#s4.8}
--------

Huh7 cells were transduced with pHAGE TRE dCas9-KRAB lentiviruses, and the transduced cells were selected with Geneticin (Invitrogen) (0.5 mg/ml). Transduced cells were screened for inducible dCas9 expression to generate a doxycycline-inducible (1 μg/ml DOX; Sigma) gene repression cell line. This cell line was then further transduced with SIRT1 CRISPRi sgRNA lentiviruses (sequences for the sgRNA are provided above in the "Plasmids and compounds" section). SIRT1 CRISPRi sgRNAs were designed using the Broad Institute sgRNA design tool. Of three sgRNAs initially tested, only one resulted in clear and reproducible SIRT1 repression. In each of the tested sgRNA sequences, two independent lentivirus preparations (see below) were used for transduction on separate bulk populations of the Huh7-dCas9 inducible cell lines. Transduction of SIRT1 sgRNAs was selected for by the use of puromycin (Sigma) (1 μg/ml). The Huh-dCas9-sgRNA cells were continuously cultured in DMEM supplemented with 10% FBS, 1% pen/strep, 0.5 mg/ml neomycin, and 1 μg/ml puromycin. To achieve knockdown of SIRT1, these cells were cultured in growth medium containing 1 μg/ml DOX, with this medium being changed every 2 days over a 7-day period prior to use of the cells for experiments.

Lentivirus production and transduction. {#s4.9}
---------------------------------------

All lentiviruses were produced in HEK293T cells. Lentivectors were cotransfected with vesicular stomatitis virus envelope glycoprotein (VSV-G)-expressing plasmid pMD2.G (a gift from Didier Trono; Addgene plasmid no. 12259) and packaging plasmid psPAX2 (a gift from Didier Trono; Addgene plasmid no. 12260) and were concentrated using PEG-it (System Biosciences). For transduction, cells were plated to achieve approximately 70% confluence in a 24-well dish. Lentivirus preparations were added to cells in media containing 4 μg/ml Polybrene (AmericanBio). Cells were then subjected to spinoculation at 1,000 rpm for 45 min and incubated overnight prior to addition of puromycin selection media.

Mammalian cell Western blot sample preparation. {#s4.10}
-----------------------------------------------

Cells for Western blotting were plated 1 day prior to sample collection. Plates were placed on ice and washed twice with 4°C PBS. Cells were lysed on ice for 15 min by incubation with radioimmunoprecipitation assay (RIPA) buffer (Sigma) containing 1× complete protease inhibitor cocktail (cOmplete Mini; Roche). Lysate was collected and centrifuged at 21,000 × *g* for 10 min. Supernatant was collected and used for Western blotting or stored at −80°C prior to use. The protein content of the sample was quantified using a bicinchoninic acid (BCA) system (Thermo Scientific). A 40-μg volume of whole-cell lysate (WCL) was used in all Western blotting experiments.

Western blotting. {#s4.11}
-----------------

Samples were separated using 4% to 20% Mini-Protean TGX gels (Bio-Rad) and transferred to polyvinylidene difluoride (PVDF) membranes (Immoblion-FL; Millipore) using a Trans-Blot Turbo system (Bio-Rad) or a wet transfer approach (1 h of transfer at 350 mA). Membranes were blocked using AquaBlock (East Coast Bio) for 1 h at RT and were then incubated with primary antibody (diluted in AquaBlock) overnight at 4°C. The following day, membranes were washed with Tris-buffered saline with Tween 20 (TBST; 50 mM Tris, 150 mM NaCl, 0.05% Tween 20) and incubated with secondary antibodies diluted in AquaBlock for 1 h at RT. Membranes were further washed with TBST prior to imaging using a ChemiDoc imaging system (Bio-Rad). Blot visualization was achieved using either fluorescence or horseradish peroxidase (HRP)-conjugated secondary antibodies, detected by the use of Amersham ECL Prime reagent (GE Healthcare Life Sciences).

The primary antibodies used were as follows: mouse anti-SIRT1 (as described in the "Immunofluorescence microscopy" section), mouse anti-Flag (clone M2; Sigma) (1 mg/ml), mouse anti-tubulin (clone DMA1A; Sigma), rabbit anti-GFP (Sigma) (1 mg/ml), and mouse anti-actin (clone 1A4; Sigma). All primary antibodies were diluted 1:1,000 for Western blotting. The secondary antibodies used were as follows: goat anti-mouse HRP (Thermo Scientific) (0.8 mg/ml), goat anti-rabbit HRP (Thermo Scientific) (0.8 mg/ml), goat anti-mouse Alexa Fluor 546 (Life Technologies) (2 mg/ml), and goat anti-rabbit Alexa Fluor 633 (Life Technologies) (2 mg/ml). HRP-conjugated secondary antibodies were diluted 1:10,000, and fluorescent secondary antibodies were diluted 1:2,000.

Immunoprecipitation. {#s4.12}
--------------------

Cells were plated 1 day prior to use and lysed in RIPA buffer containing 1× complete protease inhibitor cocktail as described above (similarly to the co-IP protocols previously described in references [@B56] and [@B57], for example). Protein content in the whole-cell lysate was determined by BCA assay, following the instructions of the manufacturer (Thermo Scientific). WCL (450 μg) was used in the IP. Nonspecific binding to beads was cleared by incubating the 450 μg of WCL for 1 h at 4°C with protein A Magnetic Beads (CST). Beads were separated from lysate with a magnetic rack, and the supernatant was collected. The nonspecific fraction was prepared by adding 2× LSB with β-mercaptoethanol and heating at 95°C for 5 min. The collected supernatant was added to fresh magnetic beads and incubated with anti-GFP antibody (5 μg) overnight at 4°C. The following day, the beads were separated with a magnetic rack and the supernatant was collected as the flowthrough fraction. Beads were washed five times with RIPA buffer before addition of 2× LSB with β-mercaptoethanol and heating at 95°C for 5 min to prepare the immunoprecipitation fraction.

Viral infection. {#s4.13}
----------------

MERS-CoV (Jordan strain---GenBank accession no. [KC776174.1](https://www.ncbi.nlm.nih.gov/nuccore/KC776174.1); MERS-CoV--Hu/Jordan-N3/2012) stocks were prepared by infection of Vero cells, and titers were determined by plaque assay using these cells (as described previously \[[@B58]\]). All experimental infections were performed with Huh7 cells at a multiplicity of infection (MOI) of 0.1 unless indicated otherwise. For quantification of virus production, medium samples were collected 24 h after infection, centrifuged in a table top centrifuge for 3 min at full speed, and stored at −80°C prior to use. TCID~50~ (50% tissue culture infective dose) assays of Vero cells were used to quantify the amounts of virus in the collected samples ([@B58]).

Luciferase assays. {#s4.14}
------------------

For CellTiter-Glo (CTG) assays, cells were plated in opaque 96-well plates 1 day prior to use. For drug treatments, resveratrol or EX527 was added at the indicated concentrations and incubated for 24 h before CTG assays were performed. For siRNA samples, cells were plated and grown overnight and then used for CTG assays. A CellTiter-Glo luminescent cell viability assay (Promega) kit was used per the manufacturer's instructions. Luminescence was read using a Synergy HTX multimode plate reader.

Reporter assays were used with κB luciferase plasmids as previously described ([@B49]). Briefly, HEK293T cells were plated 1 day prior to transient transfection as described above. These transfections were performed in 48-well plates using a total of 400 ng of DNA per well. At most, three plasmids were required for transfection (SIRT1/ORF4a/luciferase for example); in instances of fewer experimental proteins being needed, pReceive-GFP was used to balance the amounts of DNA. Cells were transfected for 18 h before further manipulation. In the cases of drug treatment, cells were pretreated with resveratrol or EX527 for 2 h and TNF-α stimulation was performed for 6 h using 10 ng per well (recombinant TNF-α was purchased from BioLegend). The luciferase assay was performed using a Pierce firefly luciferase glow assay (Thermo) kit, following the manufacturer's instructions. Luminescence was read on the Synergy HTX reader as described above.
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